The paper deals with the description of a low voltage, two-battery pack, two-motor, two-axle powertrain configuration for a full performance compact electric car. It gives an analytical method for selecting the two different drives for front and rear axle, a performance and economical evaluation criteria for choosing the low voltage active components and gives details about the power stage layout of the traction inverter.
Introduction
The possibility to drive an electric vehicle with more than one motor has been widely investigated in the past 20 years [1] . There are three main reasons for having more than one traction motor: the power rating reduction of the electric drive with possible simplification and cost reduction of the power converter; the additional degree of freedom in vehicle torque vectoring for enhancing traction and stability control [2] ; the increased reliability of the overall traction system [3] . Proposed solutions range from the simple single-motor drives coupled to one axle through a reduction differential gearbox, to the very complex solution of four direct drive motors integrated in the hub wheels, sharing the limited room with the brake disk, caliper and wheel suspension [4] .
This work refers to the two-motor two-axle configuration for a compact car, shown in Figure1. This solution, using two-electric motors and two reduction differential gearboxes, drives all the four wheels of the vehicle. Front and rear motor drives are supplied by two different battery packs. By using two-motor, two-axle configuration it is possible to choose different power and torque sizing for the drives and also to adopt different gear ratio for the gearboxes. The use of two traction drives improves the total tractive effort delivery in the whole speed range with respect to a single drive of the same total power rating. Section 2 gives a design method at equal cost and it is based on the evaluation of different performances at low, medium and high vehicle speed. Nowadays, active components at very low voltage (for example 75 V) are readily available, and development of inverters up to 40kVA (peak) at a DC-link voltage of 48 V are technically and economically feasible. The use of low voltage level yields to reduced the insulation level for active components and to lower the electromagnetic emissions than higher voltage systems. The main reduction in system cost is than due to reduced utilization or no-utilization of shielded power cables and shielded component boxes, and to the use of simpler and cheaper connection systems. Low voltage systems are also well accepted by car manufacturers, services and final users for its intrinsic electric safety. Decreasing the voltage level for the single battery pack yields to reducing cell unbalance issues and to minimizing the complexity of the equalization system. Lowering the number of cells connected in series to about 16 cells allows the use of low-cost lithium-ion cells with high dispersion of cell internal parameters. Nowadays, these 'poor' cells cannot be used on higher voltage systems without introducing expensive Battery Management System (BMS) with powerful equalization systems. Section 3 gives a technical and economical comparison among several active components in the DC-link voltage range from 50 to 140V. Section 4 gives details about the layout design of a 15kVA (rated) current inverter power stage suitable to be used in the low and extra low voltage range.
The use of two drive systems for the traction of an electric vehicle introduces many control issues in the energetic, traction and stability management of the vehicle. A dedicated traction control system is still under development and it is not addressed in this paper.
The proposed powertrain was developed within the EU AMBER-ULV project. This project aims to develop a compact lightweight electric car with high driving performance and long range, suitable to be introduced into the market at affordable price in a small-medium production volume. Table 1 introduces the main technical specification of the AMBER-ULV car. 
Traction motor selection
This section reports the procedure adopted for front and rear motor selection. It aims to find the front-rear motor combination yielding to the best vehicle performance in the whole operating speed range of the vehicle. This section also presents an analytical method for defining the vehicle performance. For the motor design, the mechanical constrains are given in Table 2 . Electrical constrains are given in Table 3 for different values of the DC-link voltage, corresponding to the different battery pack arrangements that will be analyzed in Section 3. Mechanical constrains include size and speed limits while electrical ones are mainly related to the VA rating of the battery-inverter supply. Other motor technology related limits are given in Table 4 . The application of all these constrains on the motor design procedure leads to seven theoretical possibilities of motors, all having the same external size, same weight and same rated power, but different mechanical output characteristic. Table 5 gives the main performance data for the two boundary motors, called high speed (P1) and high torque (P2) motor respectively. Figure 3 shows the maximum torque and power output of all the seven possible motors. The dynamic performances of the car are numerically evaluated considering the tractive effort produced by the combination of the seven possible motors and the two possible gear ratios. In this analysis:  Only the longitudinal acceleration is analyzed. Stability or traction control issues are not considered. Consequently, the vehicle performances are independent by the front/rear installation of the two motortransmission combination.  Only two combinations of gear ratios are detailed analyzed: (1:6.24 and 1:6.24), (1:6.24 and 1:7.16).
The possible third one (1:7.16 and 1:7.16) is not shown in detail, because of evident lack of performance at high speed, with all the possible motor combinations. In total, 56 combinations have been computed and compared.
The main evaluation criteria for the selection of the best motor-transmission is based on the analysis of the total mechanical characteristic produced by the entire powertrain. The total mechanical characteristic is evaluated by introducing the four following indexes:  Maximum tractive effort at zero and low speed. It defines the vehicle climbing capability. It also defines the initial vehicle acceleration. A minimum value is required for complying with the homologation standard (overcome uphill test).  Maximum power. It is associated to the acceleration performance in medium-high range vehicle speed.
It is usually obtained at a speed range of 50-60 km/h.  Power available at 40 km/h. It defines the acceleration performance at low speed. The higher the power, the faster the acceleration at low-medium speed.  Power available at max speed. It defines the capability of the vehicle to reach the maximum vehicle speed of 120 km/h, and the acceleration performance at high speed. A minimum value is requested in order to reach the expected maximum.
Each index is associated to the scoring table given in Table 6 , representing a numerical evaluation of the vehicle performance. Scores have been assigned in the range 0-4 (0: not acceptable; 4: beyond expectation) by analyzing the dynamic performance of the AMBER-ULV car using a numerical model. Main car parameters are given in Table 1 . The score assignments are based on benchmark analysis with similar vehicles and on analysis of performance expectation of potential drivers. Figure 4 reports the scores obtained with the two combinations of gear ratios: (1:6.24 1:6.24) on the left, and (1:6.24 1:7.16) on the right. It also underlines that the selected optimal solution is the number 6 on the left column. This solution, with the same gear ratio (1:6.24) for both axles, is preferred to solutions with higher total score because of good performance (score of 4) in all the four indexes. It corresponds to good performances in the whole speed range of the vehicle. Figure 5 gives the mechanical output in terms of tractive effort and power of the chosen solution. It also shows that the two power peaks generated by the two drives occur at different vehicle speeds. This feature implies a high power outcome for a wide speed range. The resulting max power curve is the key factor for obtaining high performance at medium-high vehicle speed. This power characteristic represents one of the main advantages between the proposed dual-motor powertrain configuration and a standard single-motor solution. The selected combination (Figure 4 , left column, n.6) has been numerically verified on several real urban and extra-urban driving cycles. The diagrams of Figure 6 demonstrate the capability of the proposed configuration to follow the 'Artemis rural' driving cycle. Figure 6 -a and Figure 6 -c give the total generated tractive effort compared with the available force from the traction system, which is the sum of the two efforts produced by the two separate drives. Output force and limits for the two separate drive drives are also given in Figure 6 -b and 6-c. The analysis of the diagrams of Figure 6 clearly shows that the proposed powertrain satisfies all the dynamic requirements of the 'Artemis rural' driving cycle. Moreover, the results demonstrate that the braking capability of the electric powertrain is potentially able to produce the required braking force in 99% of braking operation. Figure 6 Artemis-rural driving cycle. Speed profile and tractive effort for combination a and f, gear ratio 6.14 for both axles.
The estimated dynamic performance of the selected solution (motor a and f, gear ratio 6.14 for both axles) is summarized in Table 7 . 
Inverter active component selection
A key point for the optimal design of an electric powertrain is the choice of the battery pack voltage and the resulting voltage rating of the inverter. This Section investigates the possibility of realizing the inverter for the two motors selected in Section 2 using low and extra-low voltage solutions. A comparison among different available components and mounting technologies is presented. A layout is also proposed for testing different technologies. Figure 7 compares the power-cost density of active components suitable to be used for the power stage of a three-phase traction inverter. This preliminary comparison does not take into account the mounting and assembling cost. As it is widely known, IGBTs are preferred when working at higher voltage, while MOSFETs are preferred at lower voltage. This first analysis indicates that it is possible to find MOSFET and IGBT with similar power-cost density and that actual MOSFET technology reaches its optimal powercost density at lower voltage levels. Since the use of very high voltage is out of the scope of this study for the induced cost of battery pack, power wiring harness and EM shields, the comparison has been focused on MOSFET technology. Figure 8 shows the single MOSFET performance in terms of theoretical converted power vs. lost power. From this point of view, it is possible to find MOSFETs with very similar performance for almost all the voltage range.
From the single MOSFET analysis, it is possible to switch to the three-phase inverter design by assuming a target power output of 15kVA. This power rating complies with the supply requirements of the two motors selected in Section 2. The rated battery voltage considered in this analysis ranges between 50 and 130V. Table 3 gives the corresponding electrical characteristic of five possible inverters in rated and overload condition.
For each solution, starting from the MOSFET characteristic, it is possible to choose the right number of MOSFETs to connect in parallel. An even number of parallel MOSFET is necessary due to layout optimization. Table 8 gives the main MOSFET characteristics for every considered type. Table 9 shows the number of MOSFETs in parallel required to obtain the performance demanded in Table 3 and the resulting real performance of the inverter. The cost of the active components roughly represents 30% to 50% of the cost of the power stage of the inverter. The higher the current, the higher the cost of the power circuit and then the lower the percentage of the active components cost. Recent improvement in mounting technologies (IMS, DBC and Thick copper PCB) contribute lowering the cost of the power circuitry even for very high current output. The cost of the DC-link capacitors is mainly associated to the kVA rating, but a certain dependency can be found to the DC-link voltage. For example, the cost for the 200V voltage rating, the cost is increased due to lack of suppliers. For this reason, inverter cost comparison is performed taking into account only the active components. Resulting components cost for each inverter is given in Figure 11 . A number larger than 12 should be avoided in order to keep the complexity of the power circuits below acceptable levels. The larger the number of power MOSFET in parallel, the wider the planar footprint of the inverter power stage will be.  Voltage level V BRDS =120V has only one supplier. For this reason, at the moment, it is suggested to avoid it.  Losses are minimized for the 100V and 150V rating. The lower the conduction losses, the simpler the design of the cooling system.  Voltage level V BRDS =100V has the best results in terms of cost. It is worth noting that the best solution at V BRDS =150V has a cost of active component 60% higher than the best solution at V BRDS =100V. A first conclusion of this analysis is that the MOSFETs in the voltage classes V BRDS =150V and 100V represent the two best options, at the moment, for realizing an automotive inverter with a rated power of approximately 15kVA and a maximum power of at least 35kVA. A second conclusion is the demonstration of the technical and economic feasibility of very low voltage system for the power range under investigation. From this analysis, the design of the two traction inverters using MOSFETs at V BRDS =75V for the DC-link voltage of about 48-53V (16 ion-lithium cells) is fully justified.
Inverter layout
The main feature of the adopted inverter layout is being able to compare two different mounting technologies for the active component: the Insulated Metal Substrate (IMS) and the Direct Bond Copper (DBC) substrate. This accomplishment is achieved using:
 one main board, based on standard FR4 PCB with 6 copper layer 100m thick, containing the DC capacitor, DC power connections and driver circuits.  three identical power modules for the three phase legs, that can be realized either in DBC or IMS technology. The idea is to create a common layout for the main board which is able to host different solution for the power modules. In this way, assembly, testing and evaluation can be done using the same boundary condition for the power modules. Figure 12 represents the basic coupling principle between the DC-link main board and a power module board. This solution allows the power module board to be made using the selected technology (IMS or DBC) and to install it inside the DC-link board. This assembly must be created using a standard mounting process. In order to host the three power modules, the DC-link board is constructed as shown in Figure 13 and Figure  14 . As revealed in these two figures, the structure of the DC-link main board has the following properties:
 The board hosts the DC capacitors, the driver circuit and all the DC-link power connections  The three holes can accommodate three power modules. The power module technology does not interfere with the DC-link board design and mounting process.  The electrical connection between the power module and the DC-link board is obtained using surface mount power jumpers soldered on both side. 
Conclusion
A two-motor, two-axle solution has been proposed for the traction system of a full performance compact car (AMBER-ULV project). The paper introduces a method for selecting the optimal front-rear motortransmission combination that provides the best driving performance under a set of mechanical and electrical constrains. Splitting the traction power between two drives makes it feasible for a low voltage solution. This possibility is investigated in the range from 50 to 140V, under both a performance and an economical point of view. Finally, a layout for the inverter power stage is proposed. This layout has the unique feature of being used for testing two different mounting technologies: IMS and DBC. A dedicated traction control system is under development for this powertrain and it will be presented in future papers together with vehicle road test results. The main task of the traction control system is the generation of the two torque references for the two motor drives by taking into account the driver commands, the limitations coming from the drives, the limitations from the battery packs and power sharing between the two drives. Additionally, the traction control system is able to manage the powertrain in degraded operating conditions and to follow the torque references generated by the active stability control system.
